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• Phase Modulation:
– Theory

• Equations of motion;
• Effects of radiation damping;

• Dynamics around fixed points and

• Longitudinal BTF.

– Simulation
• Single and multibunch

– Experiments

• Conclusions



Introduction: The Brazilian synchrotron light Introduction: The Brazilian synchrotron light 

sourcesource

Storage Ring

Quadrupoles

RF 

Cavities

Dipoles

Undulator120 MeV

500 MeV

1.37 GeV



Introduction: The Brazilian synchrotron light Introduction: The Brazilian synchrotron light 

sourcesource

Energy, E 1,37 GeV 

Initial Current, I 250 mA 

Revolution frequency, f0 3,22 MHz 

# RF Cavities 2  

Power 100 kW 

RF Frequency, fRF 476,066 MHz 

Harmonic Number, h 148  

Horizontal Tune, Qx 5.27  

Vertical Tune, Qy 2.17  

Emitance 100 nm-mrad 

Coupling 0.3 % 

Energy loss/turn, U0 114 keV 

Power radiated at the dipoles/100 mA, 
P0 

11,4 kW 

Accelerating Voltage 500 kV 

Synchrotron Frequency 26 kHz 

Momentum compaction factor, α 8,3×10-3  
 





Broad Spectrum

High Brilliance/Intensity

Polarization



Introduction: Figures of merit in light sourcesIntroduction: Figures of merit in light sources

• Lifetime and Stability – figures of merit of 3rd

generation light sources;

• Lifetime measures the loss rate of particles 
from the beam in time. A long lifetime is often 
desired since it leads to a reduction in 
thermal transients of the machine and 
beamlines which occurs at every injection.

• Collectives effects – can degrade the quality 
of the light delivered to the users.



Longitudinal instabilities at the Brazilian light Longitudinal instabilities at the Brazilian light 

sourcesource

• End of 2003 – Installation of 
a new RF cavity;

• Jan. 2004 – horrible 
synchrotron light quality 
delivered to the users;

• May 2004 – the source of 
the instability is a 
longitudinal HOM of the 
new RF cavity.
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Longitudinal instabilities at the Brazilian light Longitudinal instabilities at the Brazilian light 

sourcesource

• June 2004 – The instability is successfully suppressed using 
phase modulation of the RF fields near the second harmonic of 
the synchrotron frequency.
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Overall PanoramaOverall Panorama

• Studies related to the effects of phase modulation:
– Hadron machines [IUCF, APS, Fermilab, BNL];(H. Huang et al. 

Phys. Rev. E 48, 4678 (1996), D. Li et al. Phys. Rev.E 48, R1638 
(1993) e D. Li et al., Nucl. Instrum. Methods Phys. Res. Sect. A 364, 
p.205-223 (1995))

– Electron machines [KEK, ALS, ELETTRA ]:(S. Sakanaka, M. 
Izawa, T. Mitsuhashi, and T. Takahashi, Phys. Rev. ST Accel. Beams 3, 
050701 (2000) e J.M. Byrd, W. H. Cheng, and F. Zimmermann, Phys.
Rev. E 57, 4706 (1998))

• Improve beam lifetime and

• Suppression of CBM’s.

• Lifetime – Effective increase in the bunch length leads to a 
reduction in particle density reducing the probability of 
electron-electron scattering (Toucheck effect ).

• Stability – ?
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Longitudinal dynamicsLongitudinal dynamics

• Equation of motion:
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Longitudinal dynamics with phase Longitudinal dynamics with phase 

modulationmodulation
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Changing to a reference frame which rotates 

with an angular velocity of ωm/2 and averaging 
the fast oscillating terms:
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(2 – Am|tanφs|/2) ωs < ωm ≤ (2 + Am|tanφs|/2) ωs

ωm ≤ (2 - Am|tanφs|/2) ωs

00

0mmsrf

rf

ET

U))tcos(Acos(eV

dt

d

dt

d

−ω+φ+φ
=

δ

δηω−=
φ

Equation of motion with RF phase modulation:



Effects of radiation dampingEffects of radiation damping

• It is necessary to take into 

account the effects of 

synchrotron radiation and 
how it can modify the 

results derived using the 

Hamiltonian formalism;

• We can divide the effect in 
tow parts:

–– 1 :Effect over the fixed 1 :Effect over the fixed 

points;points;

–– 2 : Effect over the electron 2 : Effect over the electron 

distribution inside each distribution inside each 

island.island.
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1: Effect over the fixed points1: Effect over the fixed points
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2: Effect over the electron distribution inside 2: Effect over the electron distribution inside 

each island.each island.
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2: Effect over the electron distribution inside 2: Effect over the electron distribution inside 

each island.each island.
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Landau DampingLandau Damping

• Frequency spread:

– τrad ≈ 4 ms;

– ∆ωnat/2 π ≈ 160 Hz;

– ∆ωmod/2 π ≈ 490 Hz.

• Growth and damping 
times:

– τnat ≈ 3 ms;

– τmod ≈ 2.2 ms;

– τL1 ≈ 3.3 ms.
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Longitudinal BTFLongitudinal BTF
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Stability DiagramStability Diagram
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1D Longitudinal Simulation Code1D Longitudinal Simulation Code

• 1D code: longitudinal part only;
• Takes into account:

– Damping and excitation due to synchrotron radiation and all 
nonlinearities of longitudinal dynamics;

– Beam loading of the fundamental and L1 (longitudinal HOM) 
modes;

– Phase modulation.
• Single bunch simulation: 1 bunch of 1000 macroparticles;
• Multibunch simulation: 147 bunches (macroparticles) and 1 bunch of 

1000 macroparticles. 

b0

στ

macroparticles b1- b147

characteristics: (τ, δ, στ)



Single Bunch Simulation ResultsSingle Bunch Simulation Results

Excitation of a dipolar oscillation

in a single bunch with 30 mA.
Curently stored single bunch current: 10 mA.
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Multibunch Simulation ResultsMultibunch Simulation Results

• Phase modulation OFF 
+ HOM in the RF 
cavity;

• Phase modulation OFF 
+ HOM in the RF 

cavity, also the bunch 
length is 3 times the 

natural length;

• Phase modulation ON 

+ HOM : damping.

(a) Phase modulation OFF

στ = 30 ps

Oscillation amplitude = 100 ps

(a) Phase modulation OFF

στ = 3 X 30 ps

Oscillation amplitude = 100 ps

(a) Phase modulation ON

Oscillation amplitude = 20 ps



Experimental SetupsExperimental Setups

Experimental setup used to measure the 

longitudinal profile.

Experimental setup used to measure damping, 

spectrum and longitudinal profile.

Streak 
Camera

Comunication via
GPIB

Visible Light

Experimental setup used to measure the 

longitudinal BTF.
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Lateral islands

Central island

Approximately 37.6 microseg. i. e., f = 

26.6 kHz
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Frequency of oscillation around the fixed Frequency of oscillation around the fixed 

pointspoints
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Damping MeasurementDamping Measurement

• Damping of synchrotron 
oscillations;

• Phase modulation is 
effective in a narrow 
region about 400 Hz 
wide;

• Maximum frequency: 

– fm = (2+Amtanφs/2)fs; 

– theory = 50.3 kHz;

– measurement ≈ 50.2 
kHz;



Longitudinal BTF and stability diagramLongitudinal BTF and stability diagram

Phase modulation ON

Phase modulation OFF



ConclusionsConclusions

• Phase modulation can damp some unstable modes excited by HOMs of 
the RF cavities via Landau damping (increase in the synchrotron 
frequency spread);

• There is the formation of 2 or 3 stable islands in the longitudinal phase 
space as a function of the modulation frequency applied;

• The theoretical model can predict some of the main features of the 
modified longitudinal phase space including the frequency of the
islands, the size and the form of the BTF response;

• It was also observed an increase of the beam lifetime due to the use of 
phase modulation by 30% in multibunch mode and 100% in single 
bunch mode;

• Phase modulation also increases the total energy spread of the 
bunches and it can be a problem when there are insertion devices such 
as undulators installed in the storage ring (specially when the 
emittances are small).

• Apart from other methods, phase modulation on the second harmonic 
of the synchrotron frequency is an effective, cheap, easy to implement 
and a reliable way to stabilize the beam.


